The nucleation of Pb clusters on the five-fold Al-Pd-Mn quasicrystal surface has been investigated using scanning tunneling microscopy ͑STM͒ and ab initio calculations based on density-functional theory ͑DFT͒. In the submonolayer regime, Pb atoms are highly mobile and adsorb preferentially within equatorially truncated pseudo-Mackay clusters present at the surface. The decoration of these unique adsorption sites leads to the formation of five-fold islands dubbed "starfish" and eventually to a quasiperiodic Pb monolayer. From a comparison of measured and calculated STM images it is concluded that most starfish clusters on all terraces are composed of ten Pb adatoms. A model of the structure of the starfish cluster has been proposed. Our total-energy calculations confirm its stability. The experimentally measured height profile of the starfish cluster is also reproduced by the DFT calculations.
I. INTRODUCTION
As their atomic structure is now relatively well understood, 1,2 quasicrystal surfaces are being used as templates for growth studies. [3] [4] [5] The choice of such complex intermetallic alloys as substrates is motivated by their aperiodic surface structure which exhibits long-range order but lacks translational symmetry. They also represent a fascinating testing ground to answer fundamental questions, as demonstrated recently 6 in a study of the role of aperiodicity on the electronic properties of a monoelement quasiperiodic thin film. Other phenomena such as quantum size effects ͑QSEs͒ influencing metallic thin-film growth on quasicrystal surfaces have triggered interest well beyond the quasicrystal community. 4 In addition, quasicrystal surfaces possess a relatively large variety of potential adsorption sites compared to "classical" crystal surfaces, offering the possibility of growing unusual surface structures with novel physical properties. 7, 8 Scanning tunneling microscopy ͑STM͒ studies with atomic resolution have identified two characteristic motifs on the five-fold Al-Pd-Mn surface. The pentagonal "dark stars" 9,10 and the "white flowers" 11, 12 have been tentatively assigned to truncated pseudo-Mackay clusters. Together with Bergman clusters, these can be considered as the building blocks of the bulk icosahedral structure. This assignment has been confirmed by detailed simulations of the STM contrast based on ab initio density-functional calculations. 13 These simulations also showed that the dark star is the signature of surface vacancies originating from the irregular atomic arrangement around the low-coordinated Mn atoms in the center of the pseudo-Mackay clusters. As shown in previous studies, 7, 8, [14] [15] [16] these surface vacancies act as trap sites binding adatoms very strongly.
Cai et al. 14 reported the formation of pentagonal islands resembling "starfish" while dosing Al atoms on the five-fold Al-Cu-Fe surface, which is isostructural to the five-fold surface of icosahedral Al-Pd-Mn. It was proposed that pentagonal Al starfish clusters are formed by diffusion of an adatom to the dark star site, followed by the addition of five more Al atoms around its periphery. At increasing coverage, island growth is observed, which excludes the formation of a dense quasiperiodic overlayer. For Bi adsorption, STM measurements at submonolayer coverage reveal the formation of pentagonal islands on the five-fold Al-Pd-Mn surface. A quasiperiodic thin film is obtained upon completion of the first Bi monolayer. The initial nucleation sites have been recently identified as the centers of the white flower motifs. 16 These sites are theoretically populated by Mn atoms and have also recently been recognized as good candidates for Si adsorption. 15 The formation of starfish clusters at low coverage and the growth of a quasiperiodic single-element mono-layer are also observed while dosing Pb on the five-fold Al-Pd-Mn surface. 6 However, in that work the preferential nucleation site leading to the starfish formation was undetermined.
A dual approach combining experimental results and ab initio DFT has been chosen. DFT calculations have been used previously 2, 7, 8, [17] [18] [19] to calculate the geometric and electronic structures of the surfaces of quasicrystalline approximants and of pseudomorphic adlayers formed on these surfaces. Using the results for the surface electronic structure, simulated STM images 13 were generated and the good agreement with experimental images confirmed the validity of the theoretical structure models.
Ab initio density-functional calculations have also been used to explore stable and preferential adsorption sites, to understand the required conditions for the formation of a quasiperiodic single-element monolayer ͑optimum atomic size, film density͒ and to probe the surface reactivity of the five-fold Al-Pd-Mn surface. 7, 8, 19 The calculations have demonstrated that unsupported quasiperiodic monolayers are not stable and that quasiperiodic ordering in an adsorbed monolayer results from the strong binding of adatoms to quasiperiodically distributed adsorption sites. 7 A Penrose P1 tiling consisting of pentagons, pentagonal stars, boats, and thin golden rhombi can be superimposed on the atomic structure of the five-fold surface. 11 The vertices of the P1 tiling coincide with the positions of Pd atoms located in the center of the Bergman clusters. For the group IV and V elements Bi, Sn, and Sb, the largest binding energies of single adatoms are found at surface vacancies, vertices and midedge position of the P1 tiling, and on Mn surface atoms. 7 For adatoms from groups I to III of the Periodic Table, it has been shown that they occupy surface vacancies, vertices of the P1 tiling, and quasiperiodically distributed chargedensity minima. 18, 19 Surface vacancies bind adatoms most strongly, but atoms trapped in these sites are incorporated in the surface layer and do not form part of the quasiperiodic adlayers. It is found that in addition to strong binding at quasiperiodically distributed sites, the atomic radius of adatoms and the overlayer density play a crucial role in determining the stability of the quasiperiodic ordering of the absorbed monolayer. 19 Relaxation of a complete Na or K monolayer with an initial structure conformal with the P1 tiling is predicted to lead to a spontaneous rearrangement of the atoms and the formation of a highly ordered pseudomorphic overlayer which can be described using a DHBS tiling composed of decagons ͑D͒, squashed hexagons ͑H͒, boat-shaped tiles ͑B͒, and pentagonal stars ͑S͒. 18 The P1 and DHBS tilings are both equivalent descriptions of the five-fold surface of icosahedral Al-Pd-Mn, but for the adsorbed alkali monolayers, a structure based on the DHBS tiling allows a more regular distribution of the atoms decorating the interior of the tiles. Interestingly, the decagonal rings of adatoms in the DHBS tiling coincide with the white flower motifs.
The aim of the investigations presented here is to identify the nucleation sites leading to the formation of Pb "starfish" clusters on the five-fold surface of icosahedral Al-Pd-Mn and the elucidation of their precise atomic structure. Experimental investigations were carried out using low-energy electron diffraction ͑LEED͒ and high-resolution STM. They are complemented by ab initio DFT calculations which determine the most stable adsorption sites of isolated Pb atoms and the mechanism of formation of the starfish clusters. Finally, simulated STM images are compared to the experimental ones.
II. EXPERIMENTAL DETAILS
The Al 70 Pd 21 Mn 9 sample provided by the Ames Laboratory was grown using the Bridgman method. The quasicrystal was cut perpendicular to its five-fold axis. 20 Prior to insertion into ultrahigh vacuum, the five-fold surface was polished with graded diamond paste down to 1 / 4 m; this procedure is described in detail elsewhere. 11 The preparation of the sample consisted of cycles of Ar + sputtering ͑2 keV͒ and annealing to 910 K. The temperature was monitored using an optical pyrometer with the emissivity set to 0.35. The structure of the surface was investigated using LEED and STM. The STM measurements presented here were done at room temperature in a constant current mode using an Omicron variable-temperature STM. The surface was considered to be clean when no traces of contaminants ͑mainly oxygen and carbon͒ could be detected by x-ray photoelectron spectroscopy ͑XPS͒. Lead deposition was achieved using an electron-beam cell. The Mo crucible was loaded with lead wires ͑99.999%͒ and the flux was set to 2.5ϫ 10 −3 ML/ s. The Pb source was calibrated by means of XPS and STM using an Al͑111͒ crystal. A coverage of one monolayer ͑ML͒ was determined using STM by measuring the fractional area covered with successive Pb depositions. STM images of Pb clusters were scanned at a voltage of +2.3 V and a constant tunneling current of 0.5 nA.
III. COMPUTATIONAL DETAILS
The theoretical investigations are based on DFT. We have used the Vienna ab initio simulation package ͑VASP͒ ͑Refs. 21 and 22͒ to perform ab initio electronic structure calculations and structural optimizations. VASP performs an iterative solution of the Kohn-Sham equations within a plane-wave basis. A semilocal gradient-corrected functional 23 ͑PW91͒ is used to describe electronic exchange and correlation. The projector-augmented wave ͑PAW͒ method 22,24 is used to describe the electron-ion interactions. PAW calculates the exact all-electron potentials and charge densities; hence it produces very realistic valence-electron distributions. The energyresolved charge-density distributions are the essential input information for the calculation of simulated STM images. STM images of surfaces and adsorbates have been calculated according to the Tersoff-Hamann approximation. 25 STM images actually reflect the electronic charge density at a certain distance above the surface and energies slightly above or below the Fermi level ͑depending on the position of the tip, the tunneling voltage and the direction of the current͒. The positive scanning voltage of +2.3 V used at the calculation corresponds to contributions from unoccupied states up to 2.3 eV above the Fermi level.
As in our previous studies 7, 8, 17, 18 a model for the structure of the five-fold surface of i-Al-Pd-Mn is derived from periodic approximants to the Katz-Gratias-Boudard ͑KGB͒ model [26] [27] [28] [29] [30] of the icosahedral structure. A model for the surface was constructed by cutting a thick slab perpendicular to one of the five-fold axes from the bulk structure. Details are given below.
The structure and exact location of the adsorbed Pb clusters are not known a priori. The construction of possible model structures is based on the exploration of the potentialenergy landscape of an isolated adatom adsorbed on the surface. Idealized models consist of Pb atoms placed in and around the energetically most favorable adsorption sites. The stability of the Pb clusters formed on the i-Al-Pd-Mn surface is probed by performing a conjugate-gradient relaxation of the structure of the cluster/substrate complex under the action of the Hellmann-Feynman forces derived from the ab initio DFT calculations. The calculated total energies allow evaluation of the relative stability of the clusters.
IV. EXPERIMENTAL RESULTS

A. Characterization of Pb growth mode
We first characterize the Pb growth mode on the five-fold Al-Pd-Mn surface up to one ML. As shown on Fig. 1͑a͒ , the formation of pentagonal clusters ͑starfish͒ is already visible at 0.20 ML. Their edge length of 4.9Ϯ 0.3 Å is measured between the pentagonal vertices of highest intensity. Their overall size is however much larger and this will be further discussed in Secs. V and VI. These clusters of identical dimensions and of monoatomic height point in the same direction across terraces 6 and are observed independently of the flux used, ranging here from 2.5ϫ 10 −3 ML/ s to 2.5 ϫ 10 −2 ML/ s. When deposited on the surface, Pb adatoms diffuse until they reach a trap site, i.e., a minimum in the potential-energy surface. The horizontal streaks ͑"fuzziness"͒ recorded in the STM images are indicative of the displacement of Pb atoms on the surface by the STM tip. Additional Pb atoms agglomerate around this trapped atom if the lateral interactions and the binding to the substrate are strong enough to stabilize a cluster. If these adsorption sites are closely spaced and arranged in pentagonal symmetry, a starfish will be created. The fixed orientation of the starfish obtained regardless of the deposition rate makes it reasonable to postulate that initially Pb atoms nucleate preferentially at a precise site and the nucleation can be referred as heterogeneous. A comparable adsorption phenomenon ͑although at a different nucleation site͒ has been described by Cai et al. 14 for Al deposition on the five-fold Al-Cu-Fe surface and their interpretation of the experimental observations was supported theoretically using kinetic Monte Carlo simulations. 31 Upon further adsorption ͓see Fig. 1͑b͔͒ , the number of Pb starfish increases and isolated adsorbates are also distinguishable. At 0.76 ML, the film structure can be described as a network formed by interconnected starfish clusters. Although several starfish have still to be completed, additional Pb adatoms landing on the already deposited film fill the interstices of this network. This leads eventually to the completion of a full ML of Pb ͓see Fig. 1͑d͔͒ . It was not possible to grow a second layer with the flux ranges used here. The reason for such a drastic reduction in the sticking coefficient is still not fully understood. The density of the film measured by XPS ͑Ref. 6͒ is comparable to one ML of Pb adsorbed on the Al͑111͒ crystal surface. A sharp five-fold LEED pattern is recorded at all coverages. The quasiperiodicity of the distribution of the adsorbed Pb atoms is further confirmed by fast Fourier transform calculations carried out on the STM images with only adatoms selected using a thresholding image analysis tool.
B. Identification of Pb adsorption site
We now concentrate on the identification of the nucleation sites leading to the formation of the starfish clusters and hence the quasiperiodic Pb monolayer. Figures 2͑a͒ and 2͑b͒ show STM images of the same region recorded at time intervals of a few minutes. On both images the quasicrystalline surface is well resolved and three starfish clusters are clearly identified. White circles outline the main topographical differences between both images. The circles are either filled, partially filled ͑streaks͒, or empty. The tip-induced motion and a relatively high mobility of the Pb adatoms could explain the differences in the site decoration from one image to the next. However, several isolated Pb atoms experience a stronger interaction with the substrate and do not move while scanning. One such adatom is marked in both images by a black circle.
The comparison of radial distribution functions derived from autocorrelation functions with those from model structures, which requires STM images with well resolved adatoms, was successfully used to identify the preferential nucleation site of Si on the Al-Pd-Mn surface at low coverage. 15 As the formation of starfish clusters begins already at very low coverage, the number of isolated adatoms is very low. This growth mode considerably limits the usefulness of the above-mentioned image analysis procedure for the identification of preferential nucleation sites for single Pb atoms-if these exist at all. However, as will be shown later on, this approach can be used to determine the possible nucleation sites for the formation of a complete starfish.
An alternative to this approach is to investigate the local atomic arrangements around single Pb atoms and to measure the starfish-to-starfish distances on several terraces. In Fig.  2͑c͒ , one can recognize two features characteristic of the STM pictures. One consists of an equatorially truncated pseudo-Mackay cluster surrounded by five truncated Bergman clusters-i.e., the white flower discussed in Sec. I. The second is the dark star generated by a surface vacancy in the low-coordinated shell surrounding a Mn atom in the center of a pseudo-Mackay cluster located below the surface. The white arrow ͓Fig. 2͑c͔͒ points to a bright patch which corresponds to a half-scanned Pb adatom. This scanning effect allows us to estimate the adsorbate location. This Pb atom appears to sit on top of one of the five truncated Bergman clusters of the white flower. A careful analysis of several STM images shows that the same nucleation site is observed in all cases. In addition, all atoms outlined in Figs. 2͑a͒ and 2͑b͒ are positioned on top or in the close vicinity of a trun-cated Bergman cluster. In contrast to previous studies, 10, 15 the central Mn atom of the equatorially truncated pseudo-Mackay cluster as well as the dark stars are always visible, indicating that at this coverage no adatoms are adsorbed at these sites. Figure 2͑d͒ exhibits one isolated starfish already completed at 0.15 ML. For analysis purposes, the contrast of Fig.  2͑d͒ has been saturated and the overall dimension of the starfish appears to be considerably larger compared to the value previously reported. 6 This pentagonal island is surrounded by five dark stars and is oriented parallel to the pentagon of the white flower in Fig. 2͑c͒ . From the positions of the five dark stars forming pentagons with edge length 12.8Ϯ 0.6 Å ͑the theoretical value 11 being 12.55 Å͒ and their orientation, we can conclude, after comparison with the theoretical model ͑see Sec. V͒, that the starfish cluster is formed on top of a white flower.
To confirm the white flower as the preferred site for Pb nucleation, the distances between the starfish clusters have been extracted from radial distribution functions obtained from autocorrelation patterns. To perform these calculations, the centers of the pentagonal islands are taken as reference points. They should correspond to the centers of the equatorially truncated pseudo-Mackay clusters, i.e., to the center of white flowers. Table I lists the theoretical white flower to white flower distances and the experimental starfish-starfish distances measured on the STM images. The agreement between the values in both columns is very good and confirms that starfish clusters nucleate on top of the WF's.
In the following section, ab initio total-energy calculations are used to determine the optimal location and shape of a Pb cluster. Simulated STM images derived from the calculated electronic structure are compared with experimental results.
V. THEORETICAL MODELING BASED ON AB INITIO DFT CALCULATIONS
A. Clean surface model
As in our previous ab initio studies 7, 13, [17] [18] [19] a model of the surface has been derived from the KGB model [26] [27] [28] [29] [30] cleaving at a plane perpendicular to one of the five-fold axes. The position of the cleavage plane was chosen such as to create a surface of high atomic density. 32 Planes with high atomic density are separated by gaps of low atomic density. The gaps in the atomic density between high-density planes are natural cleavage planes of the quasicrystal. 32 A detailed comparison between experimental surface data and structural models for the surface has recently been presented by Unal et al. 1 Their analysis confirms the present choice of a cleavage plane resulting in an Al-rich top layer and a high concentration of Pd in a layer only slightly below the surface. The atomic structure of the i-Al-Pd-Mn quasicrystal can be interpreted in terms of interpenetrating pseudo-Mackay and Bergman clusters. 33 This cluster structure of the quasicrystal can also be recognized at the surface. Figure 3 shows a view of the atomic structure of the five-fold surface. The model has been constructed from the 5/3-approximant to the bulk quasicrystal. The quasiperiodic arrangement of the atoms at the surface can be described by a planar tiling. The choice of this tiling is, however, not unique. One possible choice relating to the cluster structure of the bulk quasicrys-tal is a P1 tiling 32 consisting of regular pentagons, pentagonal stars, boats, and thin golden rhombi. Most of the vertices of the P1 tiling coincide with the centers of the Bergman clusters. The centers of the pentagonal tiles correspond to the positions of the pseudo-Mackay clusters. Figure 3 shows also the atomic structure of the surface. The top plane is Al-rich and contains a few Mn atoms, but no Pd. A second atomic layer, which is located only 0.48 Å below the surface, is decorated in a proportion of about 50/50 by Al and Pd atoms plus a few Mn atoms. The quasiperiodic arrangement at the surface can also be described by a DHBS tiling. Most vertices of the DHBS tiling coincide with the positions of Pd atoms in layers lying 0.48 Å and 1.26 Å below the surface plane. The D tiles have a direct relation to the white flower features seen in the STM images of the clean surfaces. In the topmost layer the vertices of the D tiles coincide with the centers of small pentagons of Al atoms ͑with an edge length of 2.96 Å͒ forming "petals" of the white flowers. The centers of white flowers represented by the D tiles have been identified as the nucleation centers for the Pb starfish clusters.
The S tiles in Fig. 3 have two orientations. They are decorated by five Al atoms located in the star arms, plus 0 to 2 other Al atoms in the interior of the tile. The irregular decoration of the S tiles is a consequence of the low and irregular coordination of the Mn atoms in the center of the pseudo-Mackay clusters, located below or above the surface. The S tiles with empty interiors are seen in STM images of the clean surface as dark stars. In Fig. 3 one such S tile is explicitly marked. As dark stars have always the same orientation, they are helpful in determining the orientation of the whole surface. The determination of the orientation of the adsorbed starfish clusters with respect to the surface is an important clue in the elucidation of the atomic structure of the starfish.
In Fig. 3 ͑top half͒ a -scaled P1 tiling ͑P1, is the golden mean 1.618…͒ and its relation to the DHBS tiling are shown: in general, the vertices of the P1 tiling coincide with the centers of the D tiles. In Sec. IV B it was concluded on the basis of a comparison between the distances between white flowers and the distances between starfish clusters that the nucleation of starfish clusters takes place on top of the white flower pattern, i.e., on top of a decagon of the DHBS tiling. Therefore in the next step we explore the potentialenergy surface for the adsorption of an isolated Pb atom on different possible adsorption sites within a D tile using ab initio DFT calculations. These results are then used to construct models for the atomic structure of a starfish cluster.
The adsorption studies have been performed on a slab model of the five-fold surface derived from the 2/1 approximant to the quasicrystalline structure, as shown in Fig. 4 . The thickness of the slab is 13.2 Å and consists of 19 atomic planes. This large thickness was found to be important to achieve well-converged binding energies for the adsorbates. 
B. Geometric structure and total energy of Pb clusters
The protrusions displaying the highest intensities in the STM image of a starfish cluster ͑Fig. 2͒ form a pentagon with an edge length of 4.9Ϯ 0.3 Å. Hence our first guess of the atomic structure of a starfish cluster was that it is formed by five Pb atoms located at the vertices of a pentagon with an edge length of Ϸ5 Å. It was also expected that the Pb atoms are located in hollow sites ͑charge-density minima͒ of the surface. In our previous DFT study 19 we found that the hollow sites at the surface are stable adsorption sites for all elements from groups I to III. However on the i-Al-Pd-Mn surface there are no such stable adsorption sites with a local pentagonal symmetry and a lateral distance of Ϸ5 Å.
In Fig. 4 we have marked several possible adsorption sites in the D tile which exist in pentagonal patterns. The BC sites coincide with the center of Bergman clusters. These are hollow sites surrounded by five Al atoms and located above a Pd atom 1.26 Å below the surface plane. The BC sites form pentagons of the P1 tiling ͑shown by the dashed lines in Fig.  4͒ with an edge length of 7.78 Å. The PD sites coincide with the positions of Pd atoms 0.48 Å below the surface plane. They can also be considered as hollow sites. As BC and PD sites occupy alternating vertices of the decagons of the DHBS tiling, they also form a pentagon with the same edge length of 7.78 Å, rotated by 36°with respect to the pentagon of BC sites.
In the electronic charge-density distribution of the clean surface one can recognize 19 a set of charge-density minima ͑CM͒ around the center of the D tile. The CM sites are located in the center of a rectangle R formed by four Al atoms ͑see Fig. 4͒ . However, while the outer two Al atoms are in surface plane, the inner two Al atoms are in the next plane 0.48 Å below the surface plane. The CM sites form a pentagon with an edge length of Ϸ3.6 Å, concentric with the D tiles. Another important site discussed below is the triangle T.
We have made several attempts to find the correct atomic structure of the starfish cluster. In the first attempt we simply put five Pb atoms around the center of the D tile forming a pentagon with an edge of 5 Å. This choice was motivated by the size and the orientation of the starfish as seen in Fig.  2͑d͒ . The initial atomic positions in this cluster were in bridge sites between two Al atoms belonging to the triangle in Fig. 4 , shown as the black circles in Fig. 5͑a͒ . This cluster is labeled as D5T 0 ͑the labeling of the clusters has been introduced to simplify the discussions͒. The D5T 0 cluster proved to be unstable. The structural relaxation under the Hellman-Feynman forces demonstrated that the Pb adatoms moved inwards or outwards, depending on their precise location with respect to the Al-Al bridge site which was found to be a saddle point of the potential-energy surface. When the adatoms moved outwards they finished in the BC sites.
The second model for the structure of the starfish labeled D5R is shown in Fig. 5͑a͒ by the large pale ͑green͒ circles. The five Pb atoms occupy CM sites around the center of the D tile. The D5R cluster is stable with a high binding energy of −4.012 eV/ Pb atom ͑see Table II͒ cluster does not provide an STM image in agreement with the experimental image of the starfish. In experiment the starfish clusters are observed only with one specific orientation with respect to the five-fold symmetry of the underlying quasiperiodic surface. In the figures presented in this paper the correct orientation of the cluster is described by a pentagon pointing "up." This orientation is the same as that of the dark star ͑see Fig. 3͒ . The pentagonal shape of the D5R cluster is pointing "down," although in the calculated STM ͓see Fig. 5͑b͔͒ , its wrong orientation can be hardly recognized, as the characteristic pentagonal arms are missing.
The failure of our attempts to find a stable pentagonal Pb 5 cluster with the correct size and orientation therefore led us to test models where the starfish consist of two sets of adsorption sites with ten Pb atoms altogether. In our next attempt we tested whether the D5T 0 cluster could be stabilized by the presence of an inner shell isostructural to the D5R cluster. For this model the orientation of the outer pentagon is correct, and the distance between the outer Pb atoms corresponds to the measured size of the starfish. However, upon relaxation the structure proved to be unstable: the Pb atoms forming the outer pentagon moved outwards again and finished in the BC sites.
This led us to conclude that the BC sites must be part of the starfish cluster. The set of five Pb atoms occupying five BC sites around the D tile are labeled as D5B. The D5B cluster alone is too large to give the correct STM contrast of the starfish. However, we have found that the D5B cluster plus an inner shell formed by a modified D5T 0 cluster form a stable arrangement as shown in Fig. 6͑a͒ . The modified cluster denoted as D5T differs from D5T 0 by its smaller size. In their equilibrium positions the five inner Pb atoms form a pentagon of edge length 3.45 Å, and the distance between the inner and outer Pb atoms is 3.7 Å. Both distances are close to the nearest-neighbor distance in face-centered-cubic Pb. The D5T cluster alone is unstable, but if it is surrounded by a D5B ring, a stable structure results. The calculated binding energy of this cluster is −4.057 eV/ Pb atom. This is the lowest energy configuration we have found ͑see Table II͒ . This stable cluster of ten Pb atoms is labeled D10T.
Another ͑meta͒stable structure with a correct orientation is a D10R cluster consisting of an outer ring of five Pb atoms in D5B positions and an inner cluster in D5R positions, i.e., the inner part of the cluster is rotated by 36°compared to the D10T structure. The binding energy of this configuration is −3.96 eV/ Pb atom, i.e., altogether it is energetically less favorable by 0.97 eV/cluster. Moreover, the calculated STM image ͑not shown͒ is not satisfactory as it consists of a central D5R part surrounded by five separated spots corresponding to the D5B sites. This difference in the atomic heights of 0.22 Å corresponds well to the experimental estimate derived from the profile of the STM intensities. Figure 7͑a͒ exhibits an experimental image of a complete Pb starfish where five protrusions of highest intensity ͑lightest color͒ form a pentagon of edge length equal to 4.9Ϯ 0.3 Å as described above. From the figure it is clear that the overall dimensions of the starfish cluster appear to be much larger: elongated "arms" reach out much further from the center. To understand the size of the starfish cluster, a one-dimensional profile along one of the starfish arms has been measured and plotted ͓see the red curve ͑gray͒ in Fig. 7͑b͔͒ . This profile shows a peak labeled by P and a shoulder S, with an estimated height difference of 0.35 Å. Profile measurements on several STM images lead to similar observations, with height differences ranging from 0.19 to 0.46 Å. We have calculated the STM profile of the starfish along the same path ͓see Fig. 7͑b͔͒ . Although there is certain discrepancy in the lateral extension of the curves caused presumably by dragging of the adatom by the STM tip during the measurement both curves exhibit the same characteristic features: the minimum at the center followed by a peak ͑P͒ and a shoulder ͑S͒. The lateral separation of the peak and the shoulder confirm that the pentagonal island contains ten Pb atoms in two distinct pentagonal sets.
In Fig. 8 we present a direct comparison of the calculated STM contrast of the D10T cluster with the experimental image of an isolated starfish-evidently agreement is very good. The STM image shows also a larger Pb island with clearly distinguishable pentagonal features with dark centers whose positions correspond to a pentagon of the -scaled P1 tiling and hence to centers of the D tiles of the DHBS tiling. This figure also demonstrates that the atomic structure of larger Pb islands can be understood as a set of starfish clusters. Starfish supported by edge-sharing D tiles share a Pb atom belonging to one of the arms of the starfish. The P1 tiling thus describes the skeleton of the structure of the ad-sorbed Pb islands. Of course, in an extended island atoms will also occupy sites other than those in the starfish clusters. For example, the five D tiles decorating the vertices of a pentagon of the P1 tiling surround a pentagonal star of the DHBS tiling whose outer vertices are occupied by Pb atoms, but the decoration of the interior of the star tile remains to be determined.
VI. DISCUSSION
The white flower motifs have been identified as preferential nucleation sites first for Si adsorption at low coverage 15 and recently for Bi deposition. 16 In the submonolayer regime, the adsorption of Bi and Pb on the five-fold Al-Pd-Mn surface present some similarities. The diffusion of Bi adatoms leads to the formation of starfish of edge length equal to 4.9Ϯ 0.2 Å. These pentagonal islands point in the same direction across successive terraces. The dark stars are not preferentially populated upon initial deposition. The number of starfish increases with additional Bi deposition until the system enters a pure growth regime. 34 However, this transition takes place around 0.5 ML with the first coalescence of islands whereas it occurs already at 0.2 ML for Pb adsorption ͓see Fig. 8͑b͔͒ . Hence with comparable deposition rates, the mean-free path of diffusing Pb adatoms appears significantly longer than for Bi adsorbates. The mobility of both adsorbates across the terrace is also clearly different. For instance, the "fuzziness" observed on Fig. 2 is not present on STM images reported by Smerdon et al. 16 While Bi adatoms are trapped at white flower sites, this is not the case for Pb adsorbates which can depart from these nucleation sites. Thus, we postulate that additional Pb adatoms are necessary to pin the adsorbates at white flower sites and the growth of pentagonal islands. This is consistent with our measurements and calculations which indicate that adatom-adatom interaction plays a crucial role in the stabilization of the Pb starfish. A two-shell structure consisting of ten Pb atoms centered above the center of the white flower pattern is required to stabilize the starfish motif and its orientation.
Upon further Pb deposition, the density of pentagonal islands increases and additional impinging adatoms fill the interstices of the network. The electronic structure of the complete Pb quasiperiodic monolayer has been probed using scanning tunneling spectroscopy ͑STS͒ and ultraviolet photoelectron spectroscopy ͑UPS͒. 6 In the experiment, the existence of a deep pseudogap at the Fermi level was demonstrated and the origin of this minimum in the electronic density of states was associated with the quasiperiodicity of the monolayer structure. However alternative explanations can also be considered. For the heavy polyvalent elements photoemission experiments [35] [36] [37] show that relativistic spinorbit coupling leads to a splitting of the 6p band into a p 1/2 and a p 3/2 component separated by a deep minimum in the electronic density of states. For tetravalent lead this minimum is located precisely at the Fermi level. It exists in the solid ͑face-centered cubic͒ phase as well as in the liquid phase, and is confirmed by band-structure calculations. 38, 39 To further associate the quasiperiodicity of the Pb film with a deepening of the pseudogap would require fully relativistic electronic structure calculations on our model structure.
VII. CONCLUSION
The initial adsorption of Pb on the five-fold Al-Pd-Mn surface has been investigated using STM along with ab initio density-functional calculations. The results show that Pb adatoms are relatively mobile at room temperature and diffuse on terraces to nucleate preferentially above white flower sites. They form pentagonal islands which are described as a two-shell structure consisting of 10 Pb adsorbates. In addi-tion, the theoretical calculations reveal that this 10-atom starfish is the most stable structure with a binding energy of Pb atoms in the cluster equal to −4.057 eV/ Pb atom. The good agreement between the calculated and experimental STM images support the atomic model proposed.
We have demonstrated previously that ab initio calculated STM images of the 3/2 approximant model surface reproduce in very fine detail the main features observed experimentally in STM images of the clean five-fold surface of i-Al-Pd-Mn. 13 The local atomic arrangement leading to dark star and white flower motifs in STM images were understood, and much insight was gained into the contribution of the different elements to the STM signal. Here, we go a step further and show the validity of using the 2/1 approximant surface as a substrate to model the cluster formed upon heterogeneous adsorption on quasicrystal surfaces. This study emphasizes the importance of using a combined theoretical and experimental approach to the study of complex metallic alloy surfaces.
